Abstract-Persistent elevated neuronal activity has been identified as the neuronal correlate of working memory. It is generally assumed in the literature and in computational and theoretical models of working memory that memory-cell activity is stable and replicable; however, this assumption may be an artifact of the averaging of data collected across trials, and needs experimental verification. In this study, we introduce a classification scheme to characterize the firing frequency trends of cells recorded from the cortex of monkeys during performance of working memory tasks. We examine the frequency statistics and variability of firing during baseline and memory periods. We also study the behavior of cells on individual trials and across trials, and explore the stability of cellular firing during the memory period. We find that cells from different firing-trend classes possess markedly different statistics. We also find that individual cells show substantial variability in their firing behavior across trials, and that firing frequency also varies markedly over the course of a single trial. Finally, the average frequency distribution is wider, the magnitude of the frequency increases from baseline to memory smaller, and the magnitude of frequency decreases larger than is generally assumed. These results may serve as a guide in the evaluation of current theories of the cortical mechanisms of working memory. © 2007 IBRO. Published by Elsevier Ltd. All rights reserved.
The electrophysiological study of the neuronal basis of working memory in primates has traditionally focused on the changes in single-cell average frequency that may occur during the mnemonic retention of a stimulus cue in delayed-response tasks. Experiments dealing with this issue have led to the identification of cells, generally labeled "memory cells," that show a persistent increase in their average firing frequency (AF) during the memory period of a memory task (Fuster, 1997) . Memory cells have been identified in multiple cortical regions, including prefrontal (Fuster and Alexander, 1971; Fuster, 1973; Niki, 1974; Niki and Watanabe, 1976; Funahashi et al., 1989; Miller et al., 1996; Rao et al., 1997; Romo et al., 1999) , parietal (Gnadt and Andersen, 1988; Koch and Fuster, 1989; Andersen et al., 1990; Barash et al., 1991; Fuster, 1996, 1997) , and inferotemporal Jervey, 1981, 1982; Miyashita and Chang, 1988; Fuster, 1990; Miller et al., 1993; Chelazzi et al., 1993 Chelazzi et al., , 1998 Colombo and Gross, 1994; Gibson and Maunsell, 1997) cortex. A variety of studies have shown that memory cells in all three of these associative regions are involved in the retention of a given sensory cue for a prospective motor response. It has also been shown that cells within a given region can retain associated items of more than one modality (Haenny et al., 1988; Maunsell et al., 1991; Colombo and Gross, 1994; Bodner et al., 1996; Gibson and Maunsell, 1997; Fuster, 1997, 2000; Fuster et al., 2000) . The bulk of this empirical evidence suggests that the retention of a sensory cue in working memory may involve the sustained activation of a widely distributed and dispersed cortical network. A related idea is that a single cell can be part of many different working memory networks, and thus participate in the mnemonic retention of different memoranda (Amit, 1995; Fuster, 1995) . Alternatively, the presence of memory cells in multiple cortical regions may simply indicate that working memory is a redundant process, with independent working-memory function occurring in multiple cortical regions. *Correspondence to: M. Bodner, M.I.N.D. Institute, 1503 South Coast Drive, Suite 202, Costa Mesa, CA 92626, USA. Tel: ϩ1-714-751-5443; fax: ϩ1-714-751-5915 (M. Bodner) . E-mail address: mbodner@mindinstitute.net (M. Bodner). **Corresponding author. Tel: ϩ1-310-825-0247. E-mail address: joaquinf@ucla.edu (J. Fuster) . Abbreviations: AF, average firing frequency; CM, cross-modal; CV, coefficient of variation; CVAF, coefficient of variation of the average firing frequency; CVAF cm , coefficient of variation of the average firing frequency of cell c to memorandum m; CV-ISI, coefficient of variation of the interspike intervals; CVISI cm , average coefficient of variation of the interspike intervals for cell c across all trials with memoranda m; DMS, delayed-match-to-sample; F cm , memorandum-specific cell response, average firing frequency of cell c to memorandum m across all trials with m; F cm delay , delay-period memorandum-specific cell response, delay-period average firing frequency of cell c to memorandum m; F cmt , average firing frequency of cell c to memorandum m on trial t; F cmt base , baseline-period average firing frequency of cell c with memorandum m on trial t; FF, Fano factor; FF cm , average Fano factor for cell c across all trials with memoranda m; I D , discriminability index; P CVAF DA , average coefficient of variation of the average firing frequency of all cells with a delay-activated response; P CVISI SDA , average coefficient of variation of the interspike intervals across all cells with a stable delay-activated response; P m DA , average memorandum-specific cell response of all cells with a delay-activated response to memorandum m; P m delay , delay-period firing frequency of all cells in response to memorandum m; P FF SDA , average Fano factor across all cells with a stable delayactivated response; SD, standard deviation; SDR, spatial delayedresponse; VR, variance ratio.
The cortical mechanisms by which a network stays in the active state during working memory, however, are as yet undetermined. Determining the principles by which the cortex retains information requires an understanding of (1) the underlying computational processes, (2) the patterns of activation that result from those processes, and (3) the relevance of those patterns to memory function. Based on some aspects of the neuroanatomy of the cortical regions involved in working memory, it has been postulated that the sustained activation seen in working memory is primarily a result of the reverberating circulation of impulses through reentrant circuits of local and global cortical networks (Hebb, 1949; Amit, 1989; Sporns et al., 1989; Tononi et al., 1992; Zipser et al., 1993; Amit, 1995; Amit and Brunel, 1997a,b; Brunel, 2000a; Laing and Chow, 2001; Gutkin et al., 2001) . Alternatively, it has also been suggested that the sustained activation observed in some cells during working memory primarily results from intrinsic cellular bistability produced by long-lasting synaptic and/or cellular conductances (Marder et al., 1996; Delord et al., 1997 Delord et al., , 2000 Lisman et al., 1998; Haj-Dahmane and Andrade, 1998; Wang, 1999; Fransen et al., 2002 Fransen et al., , 2006 Egorov et al., 2002; Durstewitz, 2003; Loewenstein and Sompolinsky, 2003) , synaptic dynamics and/or dendritic bistability (Goldman et al., 2002 Kitano et al., 2002; Amit et al., 2003; Renart et al., 2003) , neuromodulatory influences (Durstewitz et al., 2000; Seamans et al., 2001; Tanaka, 2002; Camperi and Manias, 2003) , or a combination of the above (Camperi and Wang, 1998; Compte et al., 2000; Brunel and Wang, 2001; Tegnér et al., 2002; Koulakov et al., 2002; Miller et al., 2003; Mongillo et al., 2005; Chadderdon and Sporns, 2006; Compte, 2006) . Models based on those factors have successfully produced persistent cue-selective increases in cellular firing frequency in discrete subpopulations of cells.
However, it has so far been difficult to directly assess the relative plausibility of these various models of cortical working memory. This may partly be because the published experimental data they generally attempt to replicate are often obtained by averaging across trials, thus obscuring within-trial and across-trial variability. Furthermore, for the purpose of concise presentation, individual papers often publish statistics for no more than a few "prototypical" cells, with the result that information regarding cell activity relative to the network population background is often obscured. However, such information may be particularly relevant in evaluating different models, as those models may have different requirements for memory activity, and/or make different predictions regarding tolerance to noise and variability (see for example Miller and Wang, 2006; Compte, 2006) .
Recent experimental studies have extended the analysis of cellular behavior to examine the temporal trends in neuronal activity during the delay period of working memory tasks (Miller et al., 1996; Quintana and Fuster, 1999; Romo et al., 1999 Romo et al., , 2002 Erickson and Desimone, 1999; Pesaran et al., 2002; Rainer and Miller, 2002; Brody et al., 2003a,b; Compte et al., 2003; Romo and Salinas, 2003; Durstewitz and Seamans, 2006) . Some of those studies have highlighted firing trends that vary over time in the delay period, while others have indicated that cells apparently encoding the memorandum during the memory period may also be involved in the preparation of the upcoming motor response. Recently, models to explain these alternate behaviors have been developed (Durstewitz, 2003; Mongillo et al., 2003; Reutimann et al., 2004; Durstewitz and Seamans, 2006) .
In the light of the evidence summarized above, it appears that the understanding of the functional mechanisms of working memory requires further evaluation of neuronal behavior in memory tasks. The present study attempts to provide a quantitative survey of the temporal variance in the firing frequency behaviors of cells in different cortical areas during working memory tasks. The database consists of extracellular unit records from areas implicated in working memory of the specific modalities of the memoranda used by the animal in the respective tasks, and thus represents typical cell activity during working memory. Specifically, the database of our study consists of 521 parietal cells recorded from one monkey during a haptic delayed-match-to-sample task (Zhou and Fuster, 1996) , 291 cells recorded from prefrontal cortex of a different monkey during a cross-modal (CM) audiovisual delayedmatching task (Bodner et al., 1996; Fuster et al., 2000) , and 149 cells recorded from prefrontal cortex of a third monkey during alternating visual delayed-match-to-sample (DMS) and spatial delayed-response (SDR) tasks (Quintana et al., 1988) . Various statistical parameters of the three populations of cells are assessed. Cells are categorized on the basis of the trends of their average-across trials-firing in memory periods, and the average frequency statistics for each of the identified categories is examined. The frequency behavior of cells on individual trials is then analyzed, and the results of this analysis compared with both the average-across trials-frequency statistics and with predictions from theoretical models. Finally, the stability of cellular firing over the course of any given trial is evaluated.
EXPERIMENTAL PROCEDURES Single unit recording
The database for this study consists of 961 cells. In that sample, there are 521 parietal cells recorded from areas 2, 3, 5, and 7 of one monkey during performance of a haptic delayed-matching task (Zhou and Fuster, 1996) ; 291 prefrontal cells recorded from areas 6, 8, 9 and 46 of another monkey during performance of a CM audiovisual task (Bodner et al., 1996; Fuster et al., 2000) ; and 149 prefrontal cells recorded primarily from area 9 and the dorsal portion of area 46 of a third monkey during performance of alternating visual (DMS) and SDR tasks (Quintana et al., 1988) . Thus, all parietal and prefrontal cells were recorded during delayedresponse tasks. In these tasks, the monkey was presented with a cue stimulus which had to be retained in memory through the delay period. At the end of the delay period, the monkey was required to choose between different stimuli, with the correct choice contingent on the cue. Thus, the common element to all tasks was the necessity to retain information about the cue in working memory.
The parietal cells were recorded from the hemisphere contralateral to the hand with which the monkey performed the haptic task. A trial in this task consisted of the following events: (1) sample period, during which one of two 19-mm diameter rods was accessible to the monkey, out of sight, for palpation; (2) a delay period, ranging in duration from 10 -17 s, during which the monkey was to retain in memory a surface feature of the sample object (the memorandum for the trial); (3) simultaneous and out-of-sight presentation of two rods, one of them the sample; (4) palpation and choice of one of the two rods; (5) delivery of liquid reinforcement to the animal's mouth if the animal had made the correct choice (sample rod). The monkey was required to place its hand on a pedal at all times except for palpation and choice of test objects. The intertrial period was about 40 s. The 17 s preceding the beginning of a trial was taken as the baseline period; however, it is worth noting that work by Yakovlev et al. (1998) has shown that there is significant delay activity even in the inter-trial period, suggesting that this may not be a "true" baseline. Unit spikes were extracellularly recorded with microelectrodes during performance of the task following methods described elsewhere (Zhou and Fuster, 1996) . Two pairs of rods with different surface-texture features were utilized as memoranda in the experimental task: horizontal and vertical ridges, or rough and smooth surface. Of the 521 cells, 340 (65.3%) were recorded with horizontally and vertically ridged stimuli only, 92 cells (17.7%) with rough and smooth surface textures only, and 88 cells (16.9%) with all four stimuli. Thus, responses to horizontally and vertically ridged stimuli were obtained from a total of 428 cells (82.1% of the database), and responses to rough and smooth surface stimuli from 180 cells (34.5%).
The CM prefrontal cells were recorded from the hemisphere contralateral to the hand with which the monkey performed the audiovisual task. A trial in this task consisted of the following events: (1) a 2-s tone, high-pitch (1000 Hz) or low-pitch (300 Hz); (2) a 10-s delay; (3) the simultaneous display of two colors, red and green side-by-side; (4) the manual selection of one color depending on the tone (red if high tone, green if low tone); and (5) reward if the tone-color match was correct. The monkey was required to place its hand on a pedal at all times except for choice of visual stimulus. The intertrial period in this task was approximately 40 s. The 10 s of the intertrial period preceding the beginning of a trial was taken as the baseline period.
The DMS/SDR prefrontal database consisted of prefrontal cells recorded from both right and left cortex, while the monkey performed the task with its left hand. Both tasks utilized three translucent stimulus-response buttons, arranged in a triangle with the vertex up. Both tasks included the following events: (1) a diffuse flash to attract the monkey's attention; (2) 2 s later, a colored light-the cue for the trial-presented in the vertex button for 0.5 s; (3) a 18-s delay; (4) the activation of the two lower buttons, as described below; (5) manual selection of one button by the monkey; (6) a juice reward if the selection was correct. In the DMS task, the initial cue was a green or red light; during the choice period, both colors were presented (with the positions of each changing at random from trial to trial), and the monkey was rewarded for choosing the one identical to the cue. In the SDR task, the initial cue was a yellow-or blue-colored light. During the choice period, both of the lower buttons were colored white. If the initial cue was yellow, the monkey was rewarded for selecting the right button; if the initial cue was blue, selection of the left button was rewarded. The monkey had up to 7 s to perform the choice selection. During recording, the two tasks were administered in blocks of six trials. The 17 s preceding the alerting flash in each trial was used as the baseline.
Animal care and surgical procedures conformed to the guidelines and regulations of the U.S. National Institutes of Health, the U.S. Department of Agriculture, and the Society for Neuroscience, and were approved by the University of California, Los Angeles Chancellor's Committee on Animal Research. A dedicated effort was made to minimize the number of animals used and their suffering.
Analysis overview
To clarify the various analyses described in detail below, we use the following notations: F cmt base and F cmt delay denote, respectively, the baseline-and delay-period average firing frequency of cell c with memorandum m on trial t; N cm denotes the total number of trials for cell c with memorandum m; C m denotes the total number of cells recorded with memorandum m; and C (without subscript) denotes the total number of cells in the population. The mean, median and standard deviation (SD) of the baseline AF, delay AF, delta (delay-baseline) AF, and delta as a percentage of the baseline AF were obtained for the 521 haptic parietal cells, the 291 CM prefrontal cells, and the 149 DMS/SDR prefrontal cells. These statistics were obtained (1) by memorandum (memorandum-specific analysis, see below), (2) for individual cell behavior category groups (see below), (3) for the single-trial analyses (see below), and (4) for the selective delay-activated subpopulation of cells (see below). The delta and delay statistics as a function of baseline frequency were also examined. For the memorandum-specific delay-activated and delay-inhibited populations (see below) in each area, we also examined the variability in the firing rates across trials. Furthermore, for the stable delay-activated and stable delay-inhibited populations (see below), the Fano factor (FF) (ϭvariance/mean) of the spike count (using 500 ms time bins) and the coefficient of variation (CV, CVϭSD/mean) of the interspikeintervals were determined. Further, the relationships between firing rates and variability, as well as the trends in the firing rates across trials, were examined. Finally, to evaluate whether the number of significant results we observed in each population was simply a result of chance, we used the binomial distribution to calculate the probability of observing X (or fewer) events on Y trials, where X is the number of observed significant differences (e.g. the number of cells with delay AF significantly different than baseline AF), Y is the number of units in the population (i.e. the number of cells in the population), and the probability of success on a single trial was set equal to the P-value used as the threshold for defining significance (i.e. 0.01 for the baseline-delay frequency analysis). All analyses were conducted using the LONI Pipeline Processing Environment (Rex et al., 2003) , running on 16 server processors (Origin 3000, Silicon Graphics Inc., Sunnyvale, CA, USA).
Memorandum-specific population statistics
In our primary analysis, we examined single-cell firing as a function of memorandum. In this analysis, the firing rate of a single cell averaged across repeated presentations of the same memorandum represents a single data point. Thus, the delay-period average firing frequency of a single cell c to a given memorandum m(F cm delay ) is calculated as
This single-cell memorandum-specific firing rate comprises a single data point in the population memorandum-specific analyses, and defines a single "memorandum-response." The delay-period population memorandum-specific firing rate (P m delay ) is obtained from the single-cell memorandum-specific firing rate using the equation,
In the parietal database, for example, 341 cells were recorded while the monkey was presented with vertical and horizontal ridged stimuli only, 93 cells were recorded while the monkey was presented with rough and smooth stimuli only, and 87 cells were recorded while the monkey was presented with all four stimuli.
Thus, a total ͑ ͚m C m ͒ of 1216 unique memoranda-specific responses ͑F cm delay ͒ were recorded. The average delay (or baseline) memorandum-specific firing rate for specific category groups, such as the delay-activated population, was calculated using the equation,
where c m DA represents the cells showing a delay-activated response to any memoranda, m DA represents the specific memoranda for which a given cell demonstrated a delay-activated response, C m DA is the number of delay-activated responses to memorandum m, and P m DAϪdelay is the average of the delay-period firing rates in the memorandum-specific delay-activated subpopulation. Thus, if a cell exposed to two memoranda showed a delay-neutral or delay-inhibited response to both memoranda, then neither was included in this analysis. If a cell showed a delay-activated response to memorandum A and a delay-neutral response to memorandum B, only the response to memorandum A was included in this analysis. However, if a cell showed a significant delay-activated response to both memoranda, then both were included in the analysis, regardless of whether there was any significant difference in the response to these two memoranda. Thus, only delay-activated responses were included in this memorandumspecific analysis. All further analyses (e.g. the cell categorization described below) were conducted using the single-cell memorandum-specific firing rate (equation 1) as the basis for analysis, unless otherwise noted.
Cell firing-trend categorization
For each cell-memorandum combination, the average frequencies during the last 5 s of the baseline period, the first 5 s of the delay period and the second 5 s of the delay period were determined, and the significance of differences between them assessed using paired t-tests with a confidence level of 0.01. Five-second periods were utilized to ensure that at least two consecutive, equally sized delay segments were available for all cells analyzed. For haptic parietal cells, the first 5-s period of the delay began immediately after the monkey returned its hand to the pedal, for CM prefrontal cells at the end of the auditory cue presentation, and for DMS/ SDR prefrontal cells immediately after the cue lights terminated. Based on the differences in average frequency between the baseline and the two delay segments, each cell-memorandum response was then placed into one of nine different firing-trend categories (Table 1, Fig. 1 ). Cell categories 1-3 showed a significant increase in average frequency from baseline to one or both of the delay segments, and cells with memorandum-specific responses in this category are henceforth collectively labeled delay-activated cells (for that memorandum). Cell categories 4 -6 show no significant differences between baseline and either of the delay segments, and are henceforth collectively labeled delayneutral cells. Cell categories 7-9 show a significant decrease in average frequency from baseline to either or both of the delay segments, and are henceforth collectively labeled delay-inhibited cells. While two additional categories of cells (delay-activated motor-deactivated, and delay-deactivated motor-activated, categories 10 and 11 in Table 1 ) are theoretically possible, no such cells were noted in our database, and these categories are henceforth ignored.
Single trial analysis
We examined the behavior of cells in the delay-activated and delay-inhibited populations at a single-trial level. In this and all other single-trial analyses, a single data point was the single-trial firing rate (i.e. F cm delay ); only trials with the memoranda for which the cell demonstrated a significant delay-activated (delay-inhibited) response were included. The single-trial population firing statistics (mean, median, SD) were determined for each cortical area. For example, the delay-period single-trial population firing rate in the delay-activated population (P t DAϪdelay ) was calculated using the equation,
Individual trials were sorted and grouped as a function of baseline frequency, and the deltas and percentage deltas (deltas as a percentage of baseline frequency) examined. For each baseline frequency group, the median deltas and median percentage deltas were obtained.
Inter-trial variability analysis
For all delay-activated and delay-inhibited memorandum-specific cell responses, the variability across trials was first quantified by calculating the CV of the average firing frequency (CVAF) for the baseline, delay, and delta. Each data point in this analysis was the CVAF of a single cell to a specific memorandum (i.e. CVAF cm delay ϭSD͑F cm delay ͒ ⁄ F cm delay ) where F cm delay is calculated using equation 1 above, and SD͑F cm delay ͒ is the SD (across trials) of the frequency of cell c to memorandum m. The population average CVAF (i.e. P CVAF DAϪdelay ) was then calculated, using the delay-activated subgroup as an example, with the equation
where c m DA represents all cells with delay-activated memorandum- 
Delay-activated motordeactivated
Delay-inhibited motoractivated Ϫ ϩ ϩ specific cell responses to memorandum m, and C m DA is the number of cells with delay-activated memorandum-specific cells responses to memorandum m. By assessing the CVAF cm of the deltas (CVAF cm delta ), we were able to examine the reliability of changes in cell activity from baseline to delay. Furthermore, for each cell, the CV (across trials) of the single-trial firing frequency was obtained for both baseline and delay periods in order to assess the inter-trial variability of firing rate within a given period. We also examined the correlations between the AF (F cm ) and the CVAF cm for the baseline, delay and delta AF for each cell.
We also examined the relationship between the deltas and the inter-trial variability more directly, by calculating a discriminability index (I D ) for each delay-activated and delay-inhibited memoranda-specific cell response. The I D for cell c to memoranda m is calculated using the equation,
where F cm delta is the mean delta frequency for cell c to memoranda m, and SD cm pooled is the pooled SD of the baseline and delay firing frequencies for cell c to memoranda m. Thus, the I D compares the magnitude of the deltas to the variability in the underlying baseline and delay period firing rates.
Finally, we examined the relationship between the variability in the deltas and the pooled (baseline and delay) variability directly, by calculating a variance ratio (VR) for each of these memoranda-specific cell responses, using the equation
where Var cm delta is the variance of the deltas for cell c to memoranda m, and Var cm pooled is the pooled variance of the corresponding baseline and delay firing frequencies. In conjunction with the I D , the VR can be used to assess the signal present in a cell's firing behavior.
Intra-trial variability analysis
The intra-trial variability analysis was conducted on the cells with type 2 (stable delay-activated) and type 8 (stable delay-inhibited) memorandum-specific responses, as these are the cells that should have stable delay-period frequencies in standard attractor network theory. For each trial, the last 10 s of the baseline and first 10 s of the delay were divided into 500 ms bins, and the spikecount in each bin determined. Next, in order to estimate the variability of firing rate during individual trials, the mean, SD and FF of the spike-count per bin were obtained separately for both the baseline and the delay periods. The single-trial FF for a given cell and a given memorandum is designated FF cmt . For each memorandum-specific cell response, the average FF (across trials; FF cm ) was then determined as,
These single-cell FFs represented a single data point in the analysis below. Average values for the subpopulation (P FF SDA for stable delay-activated population) were obtained by averaging the single-cell FFs,
where c m SDA is the cells with stable-delay activated responses to memoranda m, and C m SDA is the number of cells with stable-delay activated responses to memoranda m. To further assess the intra-trial variability, the CV of the interspike intervals (CV-ISI) was also determined in these populations. First, the CV-ISI was calculated for each trial. For each cell memorandum-specific response, these single-trial values were then averaged to obtain the average CV-ISI for cell c across all trials with memorandum m (CVISI cm ), as in equation 8 for the FFs. As for the FFs, the single-cell memorandum-specific CV-ISI (CVISI cm ) represented a single data point in the population analysis. Finally, these values were averaged across all cells to obtain the average CV-ISI of that subpopulation, (P CVISI SDA ) as in equation 9.
Selective memory cell analysis
We repeated the above analyses for the subset of cells identified as selective delay-activated memory cells. Cells were defined as selective delay-activated memory cells if they had a delayactivated response to at least one of the different memoranda, and they met either of the following criteria: (1) differing categories of responses to different memoranda without significant differences in the last 5 s of the baseline period, or (2) a significant (PϽ0.05) difference in the delay period average frequencies for the different memoranda without significant differences in the corresponding baseline periods. Thus, a cell that showed a ramping delayactivated response to one memorandum and a decaying delayactivated response to another memorandum would be classified as a selective delay-activated memory cell, since the type of memory-period response is dependent upon the specific memorandum provided as a cue. However, a cell that showed a stable delay-activated response to both of the memoranda it was presented with, and that had no significant difference in the delay period AF between the two memoranda, would not be classified as a selective cell. For selective cells that had a delay-activated response to only one memorandum, the analyses were conducted on that memorandum. In cases where a selective cell had a delay-activated response to more than one memoranda (as in the first example above), only the memorandum with the highest delay period AF ͑F cm delta ͒ was analyzed. Thus, in all cases, only the data from the cell's "preferred" memorandum were included.
Systematic fluctuations over trials
To address the question of whether there are systematic fluctuations over trials, the correlation of the delay period AF on consecutive trials was assessed. For the purposes of this analysis, the dataset was restricted to cells that showed a significant delayactivated response to a memorandum, and that had a minimum of six correct trials with that memorandum. In this analysis, the delay period AF (F cm delay ) on trials 1 to N cm Ϫ1 is correlated with the delay period AF on trials 2 to N cm (where N cm is the total number of trials with a given memorandum, as defined above). Each data point in this analysis thus represents the correlation coefficient (Pearson r) calculated for a single memorandum-specific cell response. This analysis hence explored whether there is any linear relationship between the delay-period AF on consecutive trials; any slow modulation of the delay-period AF across trials would likely result in a positive correlation. To further explore the issue of systematic fluctuations over trials, a linear regression on the delta frequencies (with trial number as the independent variable) was conducted for each cell in the same delay-activated population of cell memorandum-specific responses. The significance of the resulting regression coefficient was assessed using ANOVA.
Inter-trial variability and population averaging
To address the question of how the variability in the response across trials is related to the size of the population, we conducted a Monte Carlo simulation analysis looking at variability in the delay-period average frequency as a function of population size. In this analysis, we pooled together data from multiple cells in the parietal delay-activated population. We first created a parent population by identifying the subset of the parietal dataset that had a delay-activated response to stimuli with vertical ridges, and that had at least 10 trials with the vertically ridged memoranda (total of 109 cells fulfilling the selection criteria). From this parent population, we randomly selected cells to create test populations of various sizes. Using the actually observed firing rate for each cell in the test population, we then obtained the mean, SD and CV of the population firing rate across the first 10 trials in the test population. In other words, we calculated the average of the observed frequency of all cells in the randomly selected population on each of 10 trials. The mean, SD and CV of this population firing rate across the 10 test trials was then calculated. For example, to determine the expected variability in populations of 25 cells, 25 of these 109 cells were randomly selected. The average firing rate of these 25 cells (using the actual data recorded from these cells during the first trial of task performance) was calculated to obtain a population mean firing rate. This averaging was repeated to obtain a population mean firing rate on 10 trials. The mean, SD and CV of this population firing rate across the 10 trials were then determined. This process provides a measure of the variability that a downstream cell averaging across this test population might see. This algorithm was followed with populations ranging in size from 1 cell to all 109, and was repeated 10,000 times for each population size.
RESULTS

Statistics by memoranda
Unless otherwise noted, the analyses presented in the Results section were conducted in a memorandum-specific manner (see Experimental Procedures). The cell-specific responses to each memorandum were pooled together (see Experimental Procedures). The results of the analysis on the pooled data are presented below. A summary of the major statistical results for the various analysis described in detail below is shown in Table 2 . Detailed statistical summaries are presented in the appendix.
Population statistics
Parietal. In parietal cortex, 428 cells were exposed to horizontal and vertical ridges, while 128 cells were exposed to rough and smooth surface stimuli, for a total of 1216 cell memorandum-responses (F cm ). Of these, 321 (26.4%; PϽ0.001 by sign test) had significantly higher AFs during the delay, while only 144 (11.8%; PϽ0.001) had significantly lower AFs. The mean baseline AF was 13.5 Hz, while the mean delay AF was 15.2 Hz; this difference was significant (paired t-test, PϽ0.001).
The distributions of single-cell average frequencies (F cm ) for the baseline, delay, and delta are illustrated in Fig. 2a and 2b. A substantial percentage of the population has high firing rates (Ͼ20 Hz) in both the baseline (26.4% of cellular memorandum-responses) and delay (30.6%). Statistical analysis reveals that the baseline and delay distributions are significantly different (chi-square, Pϭ0.04); 69.9% of frequency changes from baseline to delay were small (Ͻ5 Hz); 37.8% of memorandum-responses were characterized by frequency decreases during the delay. Only 9.1% of the cellular memorandum-responses were increases of Ͼ10 Hz, while 1.7% were decreases of Ͼ10 Hz. For 70.6% of the cellular memorandum-responses, the delay period change in frequency was less than 50% of the baseline (Fig. 2c) . CM prefrontal. A total of 582 cell memorandum-responses (F cm ) were analyzed in the CM prefrontal database. Of these, 39 (6.7%; PϽ0.001 by sign test) had significantly higher AFs during the delay, while 30 (5.2%; PϽ0.001) had significantly lower AFs. The mean AF was 8.6 Hz in the baseline, and 8.7 Hz in the delay; this difference was not significant PϾ0.05) .
The distributions of single-cell average frequencies for the baseline, delay, and delta are illustrated in Fig. 2d and 2f. In this prefrontal database, only 6.8% of baseline memorandum-responses and 7.5% of delay responses were characterized by high firing rates (Ͼ20 Hz). The baseline and delay distributions are not significantly different (chisquare, PϾ0.05). In this database, the vast majority of delay-related frequency changes were small; 95.2% were less than 4 Hz. About half of the memorandum-responses (50.3%) were characterized by frequency decreases during the delay. The largest frequency increase from baseline to delay was only 9.2 Hz (a non-significant change in a cell with a baseline frequency of 66 Hz); the largest frequency decrease was only 8.2 Hz. The delay-period change in frequency was less than 50% of the baseline in 90.4% of the database (Fig. 2g) .
DMS/SDR prefrontal. In the DMS/SDR prefrontal database, all 149 cells were exposed to four memoranda each, giving a total of 596 cell memorandum-responses (F cm ). Of these, only 37 (6.2%; sign test, PϽ0.001) had significantly higher AFs during the delay, while 40 (6.7%; sign test, PϽ0.001) had significantly lower AFs. The mean AF was only 4.1 Hz in both the baseline and the delay.
The distributions of cell memorandum-response average frequencies for the baseline, delay, and delta are illustrated in Fig. 2e and 2f . In this prefrontal database, only 1.7% of baseline memorandum-responses and 2.0% of delay responses were characterized by high firing rates (Ͼ20 Hz). The baseline and delay distributions are not significantly different (chi-square, PϾ0.05). In this database, almost all frequency changes were small; 98.6% were less than 4 Hz. A majority of the memorandumresponses (55.2%) were characterized by frequency decreases during the delay. The largest frequency increase from baseline to delay was only 6.1 Hz, while the largest frequency decrease was only 4.6 Hz. Thus, not a single cell in either prefrontal database had a delay-period frequency change of 10 Hz. The delay-period change in frequency was less than 50% of the baseline in 85.7% of the database (Fig. 2g) .
Category statistics
Parietal. Cortical cells show a wide diversity of different behaviors during working memory tasks; in some cells, the activity on average appears to be persistently elevated at a specific level throughout the delay period, while in others the average activity varies systematically over the course of the delay. To help explore the properties of cells with these different behaviors, nine qualitatively different cell categories were defined by the categorization technique described in the Experimental Procedures (see Fig.  1 and Table 1 ). The percentage of parietal cell memorandum-responses in each category is illustrated in Fig. 3a . As can be seen in the figure, stable delay-neutral memorandum-responses (with no baseline-delay differences in frequency and no change in frequency over the course of the delay period) were the most common parietal subcategory, followed by the decaying delay-activated and the decaying delay-inhibited memorandum-responses. Overall, 29.2% (PϽ0.001) of parietal memorandum-responses were in the delay-activated categories, 56.5% in the delay-neutral categories, and 14.3% (PϽ0.001) in the delay-inhibited categories.
The baseline, delay, and delta frequency statistics were tabulated independently for each memorandum-response category, and for all pooled delay-activated, delayneutral, and delay-inhibited groups (see Table A1 , appendix). Fig. 3b depicts the baseline and delay period mean AFs by category. For cells with a delay-activated memo- randum-response, the subpopulation mean AF (P m DA ) changes from 14.9 Hz in the baseline to 21.8 Hz in the delay, an increase of 46.5%. For the delay-neutral and the delay-inhibited memorandum-responsive cells, the mean AF during the delay period is approximately 13 and 10 Hz, respectively. Analysis of the delta distributions by response category (Fig. 3c) reveals that the largest frequency changes are seen among the stable delay-activated and stable delay-inhibited cells. The delta distributions also reveal that the frequency change in delayactivated cells is larger than the frequency change in delay-inhibited cells (t-test, PϽ0.001). Furthermore, the baseline AF is significantly lower in the delay-neutral group than in either the delay-activated or delay-inhibited population (ANOVA, PϽ0.001; post hoc t-tests, PϽ0.002 for both), suggesting that the cells that are involved in the task are already relatively more active during the baseline.
To examine whether the magnitude of the delay-related frequency changes was related to the baseline frequency, the correlation between the baseline frequency and the delta frequency was determined for both the delayactivated and delay-inhibited cells. The correlation coefficient (Pearson r) for the delay-activated memorandumresponses was 0.31, which was statistically significant (t-test, PϽ0.001). A scatterplot of baseline and delta frequencies in the parietal delay-activated population is illustrated in Fig. 4a . The correlation coefficient for the delayinhibited memorandum-responses was Ϫ0.55, which also was statistically significant (t-test, PϽ0.001); the scatterplot of baseline and delta frequencies in the delay-inhibited population is shown in Fig. 4b . Thus, for both delay-activated and delay-inhibited memorandum-responses, the magnitude of the frequency change from baseline to delay was significantly correlated with the initial baseline frequency; larger changes were observed in cells with high initial firing frequencies.
CM prefrontal. The percentage of memorandum-responses of each category in the CM prefrontal database is illustrated in Fig. 3d (see appendix Table A2 for statistics). Stable delay-neutral memorandum-responses were the most common subcategory, comprising a large majority of the database (84.1%). Across all groups, only 7.4% (PϽ0.001) were in the delay-activated category, 86.6% in the delay-neutral category, and only 6.0% (PϽ0.001) in the delay-inhibited category. Fig. 3e depicts the baseline and delay period mean AFs by memorandum-response category. During the delay period, the mean AF of the delay-activated subpopulation (P m DA ) increases from 8.7 Hz to 11.8 Hz, while the mean AF of delay-inhibited subpopulation decreases from 8.9 Hz to 6.5 Hz. As in parietal cortex, analysis of the delta distributions by cell category (Fig. 3g) reveals that the largest changes are seen among the stable delay-activated (4.4 Hz) and stable delay-inhibited cells (Ϫ3.3 Hz). Unlike in parietal cortex, the mean frequency change in the delayactivated group is not significantly greater than in the delay-inhibited group (t-test, PϾ0.05). The correlation (Pearson r) between the baseline and delta frequencies in the delay-activated population was 0.06, which was not significant. However, when the analysis was repeated after one outlier cell (with baseline AF of 54.8 Hz and delta AF of 0.5 Hz) was removed, the correlation was 0.32, which was statistically significant (t-test, Pϭ0.02; Fig. 4c ). The correlation between the baseline and delta frequencies in the delay-inhibited population was Ϫ0.67, which was statistically significant (t-test, PϽ0.001; Fig. 4d ). Thus, in the CM prefrontal database, the magnitude of the frequency change from baseline to delay is also correlated with the initial frequency.
DMS/SDR prefrontal. The percentage of memorandum-responses of each category in the DMS/SDR database is also illustrated in Fig. 3d (see appendix Table A3 for detailed statistics). As in the CM prefrontal database, stable delay-neutral memorandum-responses were by far the most common subcategory (86.9%). Across all groups, 5.9% (PϽ0.001) were in the delay-activated category, 88.2% in the delay-neutral category, and 5.9% (PϽ0.001) in the delayinhibited category. Thus, in both prefrontal databases, significant delay-related frequency changes occurred in less than 15% of cell memorandum-responses, as compared with over 40% of parietal memorandum-responses. Fig. 3f depicts the baseline and delay period mean AFs by memorandum-response category. The mean AF of the delay-activated population increases from 4.4 Hz to 6.2 Hz, while the mean AF of delay-inhibited group decreases from 4.6 Hz to 3.4 Hz. Thus, in both prefrontal databases, the delay-related changes in frequency are small, even within the cell groups with significant frequency changes. The largest changes are once again seen among the stable delay-activated (2.3 Hz) and stable delay-inhibited cells (Ϫ2.3 Hz, Fig. 3g ). In this prefrontal database, the mean frequency change in the delay-activated group is significantly greater than in the delay-inhibited group (t-test, Pϭ0.03). The correlation (Pearson r) between the baseline and delta frequencies in the delay-activated population was 0.72, which was statistically significant (t-test, PϽ0.001; Fig. 4e ). The correlation between the baseline and delta frequencies in the delay-inhibited population was Ϫ0.67, which was also statistically significant (t-test, PϽ0.001; Fig. 4f ). Thus, in the DMS/SDR prefrontal database, the magnitude of the frequency change from baseline to delay is correlated with the initial frequency for the both populations.
Single-trial statistics
Parietal: delay-activated cells. The statistics of the population of single trials for all delay-activated cell memorandum-responses were determined. In parietal cortex, there were a total of 4755 trials in the cells showing delayactivated memorandum-specific responses. The distribution of single-trial AFs in the memorandum-specific delayactivated cell population is presented in Fig. 5a . The delay distribution is significantly different from the baseline distribution (chi-square, PϽ0.001). The single-trial delta distribution for delay-activated cells (Fig. 5b) shows that, in 41.5% of the trials in which the average frequency increased from baseline to delay, that increase was less than 5 Hz. It is worth noting that even cells that, on average, show significant delay-activated behavior in response to a given memorandum can undergo substantial delayinhibition on individual trials of the same memorandum; in 13.2% of trials, these cells showed a decrease in frequency from baseline to delay. Examples of two cells with significant memorandum-specific delay-activated responses that showed such delay-deactivated behavior on individual trials are shown in Fig. 5c and 5d. The range of deltas observed on individual trials in this population varied from a decrease of 21.1 Hz to an increase of 60.1 Hz.
The relationship between delta frequency and baseline frequency was also evaluated; there was a significant main effect of baseline frequency group on the magnitude of the delta frequency (one-way ANOVA, PϽ0.001). However, as Fig. 5e demonstrates, the relationship between the two is not monotonic. In 64.2% of the trials with frequency increase from baseline to delay, the magnitude of that increase was less than 100% of baseline frequency. As the baseline frequency increases, the absolute magnitude of the delay-related change in frequency tends to increase, but not in proportion to the baseline. Consequently, the largest relative changes in frequency are observed in trials with the lowest baseline frequencies.
Parietal: delay-inhibited cells. The single-trial analysis of parietal delay-inhibited memorandum-responses (174 memorandum-specific delay-inhibited cellular responses, 2137 trials) revealed a number of similarities with that of delay-activated population. Cells with delay-inhibited responses to individual memoranda can also exhibit frequency changes contrary to their average trends; in 15.6% of trials those cells showed an increase in frequency from baseline to delay. In the delay-inhibited population, as in the delay-activated population, most baseline-delay changes are relatively small; in 51.5% of trials with frequency decreases, the decrease was less than 5 Hz. The magnitude of the delay-period frequency change in the delay-inhibited population is significantly related to the original baseline frequency group (ANOVA, PϽ0.001); the median delta increases with the baseline frequency, but not in a linear manner.
CM Prefrontal: delay-activated cells.
In the CM prefrontal database, there were a total of 484 trials in the cells showing delay-activated memorandum-specific responses. The single-trial distribution of baseline and delay AFs is presented in Fig. 6a . The delay distribution is significantly differ- (d) Behavior of a cell from the CM prefrontal population upon multiple trials with high tones as the memorandum. The cell had a significant decaying delay-activated response, with a mean baseline AF of 13.2 Hz and a mean delay AF of 16.2 Hz. The cell had clear delay-period frequency decreases on trials 1, 6 and 13. (e) A cell from the DMS/SDR population with a ramping delay-activated response to red lights. The mean baseline AF for that memorandum was 8.5 Hz, and the mean delay AF was 11.3 Hz; the cell had frequency decreases on trials 8 and 11. (f) Median (and inter-quartile) single-trial delta as a function of baseline frequency, CM prefrontal database. (g) Median (and inter-quartile) single-trial delta as a function of baseline frequency, DMS/SDR prefrontal database. ent from the baseline distribution (chi-square, PϽ0.001). The single-trial delta distribution (Fig. 6c) shows that in 60.8% of trials with delay frequency greater than baseline, that increase was less than 4 Hz. In the CM prefrontal database, as in the parietal database, cells can exhibit frequency changes contrary to their average trends; an example of such a cell is shown in Fig. 6d . In the prefrontal delay-activated population, there was a decrease in frequency from baseline to delay in 16.1% of the trials.
In this population, as in the parietal population, the size of the frequency change during the delay period is significantly related to the baseline frequency group (ANOVA, PϽ0.001). However, as Fig. 6f shows, the deltas tend to increase as the baseline frequency increases, but not in a simple fashion. In 70.6% of the trials with frequency increase from baseline to delay, the magnitude of that increase was less than 100% of baseline frequency.
CM Prefrontal: delay-inhibited cells.
In the CM prefrontal database, the single-trial analysis of delay-inhibited cell memoranda responses (423 trials) revealed a number of similarities with that of the delay-activated population. Cells with significant delay-inhibited responses also show frequency changes on individual trials that are the opposite of their typical behavior (20.1% of trials). In this prefrontal delay-inhibited population, as in the delay-activated population, a large majority of frequency changes are small; in 74.6% of trials with frequency inhibition, the magnitude of that decrease was less than 4 Hz. The absolute magnitude of the frequency changes during the delay period is significantly related to the baseline frequency group (ANOVA, PϽ0.001), with larger changes generally observed in trials with higher initial frequencies; however, there was no clear relationship between the percentage decrease and the baseline frequency. 
DMS/SDR prefrontal: delay-activated cells.
In the DMS/SDR prefrontal database, there were a total of 263 trials in the cells showing delay-activated memorandumspecific responses. The distribution of baseline and delay AFs in these trials is presented in Fig. 6b . The delay distribution is significantly different from the baseline distribution (chi-square, Pϭ0.005). In 86.4% of trials with frequency increases during the delay, that increase was less than 4 Hz (Fig. 6c) . In this population, there was a decrease in frequency from baseline to delay in 18.6% of the trials; an example of a cell with a significant delay-activated memorandum-specific response but with delay-deactivation on individual trials is shown in Fig. 6e .
In the DMS/SDR prefrontal population, while there is a significant main effect of baseline frequency group on the delta frequency (ANOVA, PϽ0.001), Fig. 6g shows that there is no clear relationship between the baseline AF and the median delta, unlike in the other two databases. In 67.8% of the trials with frequency increase from baseline to delay, the magnitude of that increase was less than 100% of baseline frequency.
DMS/SDR prefrontal: delay-inhibited cells.
There were a total of 306 trials in the delay-inhibited DMS/SDR prefrontal database. Frequency excitation was present in 20.9% of trials. In 93.8% of trials with frequency inhibition, the magnitude of that decrease was less than 4 Hz; large changes (Ͼ10 Hz) were not present in any trials in this population. There was a significant main effect of baseline frequency group on the delta frequency (ANOVA, PϽ 0.001); larger absolute changes were observed in cells with higher initial frequencies, although the percentage decrease was between 10 and 30% for all baseline frequency groups.
Inter-trial variability analysis
Delay-activated cells. To explore the issue of intertrial variability, we examined the CV of the deltas, calculated an I D (see Experimental Procedures) and calculated a VR (see Experimental Procedures) for each delay-activated and delay-inhibited memorandum-specific response. In 50.7% of the parietal delay-activated memorandumspecific responses, the SD of the delta (across trials) was larger than the mean delta (CVAF cm of delta AF Ͼ1). The distribution of CVAF cm is relatively broad (Fig. 7a) , indicating that many cells had memorandum-specific responses that were highly variable from trial to trial. We also examined the inter-trial CVAF cm during the baseline and delay periods. In the parietal delay-activated population, the mean value of the single-cell inter-trial frequency CV ( P CVAF DA ) was 0.43 in the baseline; during the delay, this value decreased significantly to 0.29 (paired t-test, PϽ0.001). Such variability in delay frequency is notable, especially given that the baseline-delay AF differences are relatively small. Indeed, the mean I D in the parietal delay-activated population was only 1.69; the I D was less than 1.0 for 24.8% of the population, and greater than 2.0 for 29.6% of the population (see Fig. 7b for the distributions). A scatterplot of the I D versus the delta CVAF cm is shown if Fig. 7c ; it is interesting to note that while almost all cells with a high I D (Ͼ2.00) had low delta CVAF cm (ϳ0.5 or lower), there were some cells that had a low I D but still had low delta CVAF cm , suggesting that the observed changes in frequency in these cells were highly reliable despite the relatively high baseline and delay-period variability in the firing rates. The mean VR in the parietal population was 1.69, suggesting that the variance in the deltas (Var cm delta ) is generally greater than the pooled variance (Var cm pooled ); a scatterplot of the delta variance versus the pooled variance is shown in Fig. 7e .
The inter-trial variability in cell behavior was greater in cells with low frequencies and/or small changes in frequency. There were significant inverse relationships between the single-cell baseline AF (F cm ) and the baseline inter-trial CVAF cm (rϭϪ0.68; t-test, PϽ0.001), the delay AF and delay inter-trial CVAF cm (rϭϪ0.64, PϽ0.001), and the delta AF and delta CVAF cm (rϭϪ0.45, PϽ0.001). Thus, the variability of cellular behavior was inversely related to cellular activity levels. This was also reflected in the finding that there were significant positive correlations between the I D and the baseline (rϭ0.12, Pϭ0.01), delay (rϭ0.25, PϽ0.001) and delta AF (rϭ0.43, PϽ0.001).
The neuronal response in the CM prefrontal delayactivated population is also highly variable across trials. Only 18.6% of the CM prefrontal population with delayactivated memorandum-specific responses had reliable (delta CVAF cm Ͻ0.5) delay-period frequency changes across trials; 37.2% of the population had highly variable (SD Ͼmean) delay-related frequency changes. As in parietal cortex, the distribution of delta CVAF cm is relatively broad (Fig. 7a) . The mean baseline and delay period intertrial CVAF (P CVAF DA ) were 0.44 and 0.32, respectively. The mean I D in the CM prefrontal delay-activated population was only 1.16; 44.2% of the population had an I D less than 1.0, and only 11.6% of the population had an I D Ͼ2.0 (see Fig. 7b for the distribution). A scatterplot of the I D versus the delta CVAF cm is shown in Fig. 7d ; the inverse relationship between the two is clearly visible. The mean VR in this population is only 1.04, and there are a number of cells where the pooled variance is greater than the delta variance (see Fig. 7f ). In the CM prefrontal delay-activated population, the inter-trial variability of cell firing (CVAF cm ) was significantly related to the AF for the baseline (rϭϪ0.51, PϽ0.001), delay (rϭϪ0.40, Pϭ0.003) and delta frequencies (rϭϪ0.60, PϽ0.001). In this population, there was a significant negative correlation between the baseline AF and the I D (rϭϪ0.34, Pϭ0.013) , no correlation between the delay AF and the I D (rϭϪ0.18, Pϭ0.13), and a significant positive correlation between the delta AF and the I D (rϭ0.59, PϽ0.001).
Only 11.4% of the DMS/SDR delay-activated prefrontal population had reliable (delta CVAF cm Ͻ0.5) delay-period frequency changes across trials; 40.0% of the population had delta CVAF cm Ͼ1 (Fig. 7a) . The mean baseline and delay period inter-trial CVAF (P CVAF DA ) were 0.42 and 0.37, respectively. In the DMS/SDR prefrontal population, the mean I D was 1.33; 38.9% of the population had an I D less than 1.0, and only 22.2% of the population had I D greater than 2.0 (distributions in Fig. 7b) . As in the parietal dataset, there are some cells with a low I D but still with relatively low CVAF cm (see Fig. 7d ). The mean VR in this population is 1.37, and the delta variance tends to be greater than the pooled variance (Fig. 7f) . In the DMS/SDR prefrontal delay-activated population, the inter-trial variability of cell firing was once again significantly related to the AF for the baseline (rϭϪ0.51, PϽ0.001), delay (rϭϪ0.51, PϽ0.001) and delta frequencies (rϭϪ0.36, Pϭ0.02). The correlation between the I D and AF was significant only for the deltas (baseline rϭ0.002, PϾ0.05; delay rϭ0.11, Pϭ0.27; delta rϭ0.40, Pϭ0.008) .
Delay-inhibited cells. In parietal cortex, cells with delay-inhibited memorandum-specific responses have a mean single-cell inter-trial CVAF (P CVAF DA ) of 0.35 in the baseline; during the delay, this value increases to 0.45 PϽ0.001) . Thus, the inter-trial frequency CV decreases during the delay period in the parietal delayactivated population, but increases in the delay-inhibited population. Furthermore, reliable changes in frequency (delta CVAF cm Ͻ0.5) are observed in only 19.7% of the delay-inhibited population, while highly variable changes in frequency (delta CVAF cm Ͼ1) are observed in 36.0% of the population. The mean I D for parietal delay-inhibited cells was 1.50; 26.0% of the population had an I D less than 1.00, while 23.7% of the population had an I D greater than 2.00. The mean VR in this population was 1.70. As for the parietal delay-activated cells, the inter-trial variability of cells with delay-inhibited memorandum-specific responses was inversely related to firing frequency. There were significant inverse relationships between the baseline AF (F cm ) and the baseline inter-trial CVAF cm (rϭϪ0.69; t-test, PϽ0.001), the delay AF and delay inter-trial CVAF cm (rϭϪ0.65, PϽ0.001), and the delta AF and delta CVAF cm (rϭϪ0.48, PϽ0.001). There were significant relationships between the baseline AF and the I D (rϭ0.19, Pϭ0.005) and the magnitude of delta AF and the I D (rϭ0.75, PϽ0.001); the relationship between the delay AF and the I D was not significant (rϭϪ0. 07, Pϭ0.188) .
The variability in cell firing from trial to trial is also substantial in the CM prefrontal delay-inhibited population; the delta CVAF cm was below 0.5 for only 8.6% of the memorandum-responses, and above 1.0 for 54% of the population. The mean baseline and delay CVAF (P CVAF DA ) was 0.40 and 0.54, respectively. The mean I D was 1.06; 54.3% of the population had an I D less than 1.00, versus only 8.6% of the population with an I D above 2.00. The mean VR was 1.15. For the CM prefrontal delay-inhibited population, there were significant inverse relationships between the single-cell AF and the CVAF cm in the baseline (rϭϪ0.44, Pϭ0.004), delay (rϭϪ0.52, PϽ0.001), and the delta (rϭϪ0. 4, Pϭ0.009) . Surprisingly, there were significant inverse relationships between the AF and the I D for the baseline (rϭϪ0.30, Pϭ0.041) and delay (rϭϪ0.38, Pϭ0.012); the relationship between the magnitude of the deltas and the I D did not reach significance (rϭϪ0.25, Pϭ0.076).
In the DMS/SDR delay-inhibited population, the singlecell delta CVAF cm was below 0.5 for only 11.4% of the population, and above 1.0 for 60.0% of the population. The mean population baseline and delay CVAF (P CVAF DA ) was 0.39 and 0.51, respectively. The mean I D was 1.09; 60.0% of the population had an I D less than 1.00, while 11.4% of the population had an I D greater than 2.00. The mean VR in this population was 1.19. For this population, there were significant inverse relationships between the AF and the CVAF cm in all periods (baseline, rϭϪ0.66, PϽ0.001; delay, rϭϪ0.69, PϽ0.001; delta, rϭϪ0.57, PϽ0.001) . The relationship between the AF and I D did not reach significance for the baseline (rϭ0.24, Pϭ0.082) or delay (rϭ0.03, Pϭ0.421) but did reach significance for the deltas (rϭ0.74, PϽ0.001).
Intra-trial variability analysis
Stable delay-activated cells. For the stable delayactivated (type 2) cells and the stable delay-inhibited (type 8) cells, the stability of the firing rate over the course of each trial was examined in two ways, by examining the FF (ϭvariance/mean) of the binned spikecount using 500 ms bins, and by evaluating the CV (SD/mean) of the ISIs (see Experimental Procedures). Looking first at the stable delay-activated population, 91 such memorandum-specific responses were identified in the parietal database, 12 in the CM prefrontal database, and only four in the DMS/SDR prefrontal database. Fig.  8a shows the average (across all cells of that type) FF of the spike-count (P FF SDA ) across 500 ms bins during the baseline and delay period for cells with stable delayactivated memoranda responses in all three populations. For all three, the FF is well above 1 in both the baseline (parietalϭ1.99, CM prefrontalϭ1.48, DMS/ SDR prefrontalϭ2.04) and the delay (1.96, 1.30, 1.96), indicating that the firing is more variable than would be expected from a Poisson process with a fixed mean. Fig. 8b shows the mean CV-ISI (P CVISI SDA ) for the three databases during baseline and delay in the stable delayactivated populations. In parietal cortex, the mean CV-ISI decreased from 1.17 in the baseline to 1.02 during the delay; this decrease is statistically significant (paired t-test, PϽ0.001). In the CM prefrontal database, the CV-ISI decreased from 1.03 to 1.00; this decrease was not significant. In the DMS/SDR prefrontal dataset, the CV-ISI increased non-significantly from 1.45 to 1.49. Thus, in all three datasets, the variability of cell firing during the delay period remains substantial (Poisson or greater). The substantial variability in cell firing is illustrated in Fig. 8c , which depicts the binned spike count of a parietal delay-activated cell (with a FF (FF cm ) of 2.4 in the baseline and 1.6 in the delay) over the course of the baseline and delay periods on the first five trials with a horizontal ridged cue (along with the average binned spike count across trials.) It is of note that although the averaged spike count appears to be consistently higher in the delay than in the baseline, in each trial there is at least one bin in the delay period in which the spike count is lower than observed at some point during the baseline period. Thus, while cells on average may appear to have stable firing rates, in any single trial there tend to be substantial fluctuations in the firing rate over the course of the trial. The distribution of FFs among the 91 parietal stable delay-activated memorandum-specific cell responses (FF cm ) is illustrated in Fig. 8d . It is noteworthy that very few cells possess the highly regular firing suggested by most recurrent network models, in which persistent activity occurs when the input currents are suprathreshold, and consequently the cell is driven to fire within predictable time intervals (Brunel, 2003; Compte, 2006) .
Stable delay-inhibited cells.
The FF and CV-ISI of the delay-inhibited memoranda response groups are depicted in Fig. 8e and 8f . In all three datasets, the population FF (P FF SDA ) and CV-ISI (P CVISI SDA ) is well above 1 during both the baseline and delay periods. Thus, in all three populations, in both the stable delay-activated and stable delay-inhibited groups, the delay period firing remains highly variable. However, it is worth noting that because of the small sample size of relevant datasets in both the CM prefrontal (12 stable delay-activated and 10 stable delay-inhibited memoranda responses) and DMS/ SDR prefrontal (4 stable delay-activated and 5 stable delay-inhibited memoranda responses) populations, the Fig. 8 . Intra-trial variability statistics for cells showing a stable delay-activated or stable delay-inhibited memorandum-specific response. For each cell, the FF (ϭvariance/mean) was calculated on each trial using the variance and mean of the spike count with bin sizes of 500 ms. These single-trial FFs were then averaged across all trials (with the same memorandum), to obtain a single FF value for that cell (FF cm ). The cellular FFs were averaged to calculate the population FF (P FF SDA ). (See Experimental Procedures for more details). A similar process was used to obtain the CV of the ISIs for individual cells (CVISI cm ) and for the population (P CVISI SDA ). For a fixed Poisson process, both the CV-ISI and the FFs should be 1. (a) The mean (and SD) of the population FFs during baseline and delay in cells with stable delay-activated memoranda responses (P FF SDA ), by area. (b) The mean (and SD) of the population CV-ISIs, by area, for cells with stable delay-activated memoranda responses (P CVISI SDA ). (c) The binned spike count on the first five trials (with horizontal ridges as the memorandum) and the mean spike count across trials for a parietal cell with a stable delay-activated response to horizontal ridges. The mean baseline AF in this cell to this memorandum was 14.1 Hz, the mean delay AF was 22.5 Hz, the mean baseline FF was 2.43, and the mean delay FF was 1.62. conclusions that can be drawn from these analyses in those areas are limited.
Selective memory cells
We repeated several of the above analyses on the preferred memoranda of the subset of cells defined as selective memory cells (see Experimental Procedures for details). In parietal cortex, 103 cells (19.8% of the entire parietal database) met the definition of selective memory cells. In these cells, the mean AF (for the preferred memorandum) increased from an average of 14.8 Hz in the baseline to 20.8 Hz in the delay, an increase of only 40.6%. The delta CVAF cm was less than 0.5 for only 16.5% of the selective memory cells, and above 1.0 for 47.6% of this subpopulation. The mean baseline CVAF cm was 0.40; this decreased to 0.28 in the delay. The mean I D in this subpopulation was only 1.57; 31% of the cells in this subpopulation had an I D less than 1.0, while only 23.3% of the cells had an I D greater than 2.0. Thus, in the selective memory cell subpopulation, the inter-trial variability remained relatively high. Of the 103 selective memory cells in the parietal database, 34 had a stable delay-activated response to their preferred memorandum. In these 34 cells, the average FF was 2.16 in the baseline and 1.93 in the delay; the mean CV-ISI decreased from 1.18 in the baseline to 0.94 in the delay. Thus, in this parietal subpopulation, the intratrial variability remained high.
In the CM prefrontal database, 20 cells (6.9% of the entire database) were selective memory cells. The mean baseline AF in this subpopulation was 9.6 Hz and the mean delay AF was 12.4 Hz, an increase of 29.2%. The delta CVAF cm was below 0.5 for only 2 of these cells (10%), and it was above 1.00 for 7 cells (35%). The mean CVAF cm was 0.45 in the baseline and 0.33 in the delay. The mean I D was 1.12; 9 of 20 cells (45%) had an I D less than 1.0, while only 2 cells had an I D greater than 2.0. A total of eight selective memory cells demonstrated a stable delay-activated response to their preferred memorandum; the average FF in these cells decreased from 1.52 in the baseline to 1.39 in the delay, while the average CV-ISI remained essentially unchanged (1.02 in the baseline, 1.03 in the delay).
In the DMS/SDR prefrontal dataset, a total of 21 cells (14.1%) were selective memory cells. In the selective memory cell subpopulation, the AF increased from 4.6 Hz in the baseline to 6.4 Hz in the delay, a 39.1% increase. Only 2 cells had a delta CVAF cm below 0.5, while 10 (47.6%) had a delta CVAF cm above 1.0; the mean CVAF cm decreased in these 21 cells from 0.44 in the baseline to 0.39 in the delay. The mean I D in this subpopulation was 1.16; 10 cells (47.6%) had an I D less than 1.0, while only 4 (19.0%) had an I D greater than 2.0. Only two selective memory cells demonstrated a stable delay-activated response to their preferred memorandum; in both of these cells, the delay-period FF was greater than 1.9, and the delay period CV-ISI was above 1.3. Thus, the major properties identified in the complete datasets (relatively small changes in frequency from baseline to delay, high inter-and intra-trial variability) were also observed when focusing only on the preferred memorandum of the selective memory cell subpopulation in all three databases in our study. 
SYSTEMATIC FLUCTUATIONS OVER TRIALS
To address the question of whether there are systematic fluctuations over trial number, two additional analyses were performed. First, we assessed the correlation of the delay period AF on consecutive trials in cells showing significant delay-activated memorandum-specific responses (see Experimental Procedures). The distribution of consecutive-trial correlation coefficients for all three datasets is presented in Fig. 9a . In parietal cortex, substantial numbers of cells showed high consecutivetrial correlations; 11.8% had correlations with an absolute value above 0.6. Of the 329 memorandum-specific responses fulfilling the selection criteria (see Experimental Procedures), 71 (21.6%; PϽ0.001 by sign test) showed statistically significant (PϽ0.05) correlations in the delay-period AF on consecutive trials The distributions of consecutive-trial correlations in the CM and DMS/SDR prefrontal databases are also shown in Fig.  9a ; 15.4% of the CM population had correlations with an absolute magnitude above 0.6, while 17.8% of the DMS/ SDR population had such strong correlations. These correlations reached significance (PϽ0.05) for 8 of 38 (21.0%; PϽ0.001) memorandum-specific responses in the CM database, and 5 of 28 (17.8%; Pϭ0.002) in the DMS/SDR database.
The second analysis involved the assessment of linear trends in the delta frequencies (across trials) in the delay-activated population (see Experimental Procedures). The percentage of cells in each area with significant linear trends in the deltas is illustrated in Fig. 9b . Of the 329 parietal memorandum-responses, 52 (15.8%; PϽ0.001) had significant linear trends. The distribution of slopes in cells with significant linear trends is illustrated in Fig. 9c ; the slopes in this subgroup ranged from a low of Ϫ2.4 Hz/trial to a high of ϩ2.4 Hz/trial, with a mean absolute slope of 0.85 Hz/trial. An example of a cell with a slope of Ϫ0.85 Hz/trial is shown in Fig. 9d . In the delay-activated CM prefrontal database, only three of 38 (7.9%; PϾ0.05) memorandum-responses had significant linear trends in the delta. In the DMS/SDR database, only three of 28 (10.7%; Pϭ0.05) of the population had such significant linear trends.
INTER-TRIAL VARIABILITY AND POPULATION AVERAGING
To address the question of how the variability in the response across trials is related to the size of the population, we generated population firing rate data for populations ranging in size from 1 cell to 109 cells, 10,000 times for each population size (see Experimental Procedures). The mean population firing rate for all population sizes was between 21.7 and 21.8 Hz. The results for the SD of the population firing rate are presented in Fig. 10 . The CV (SD/mean) of the population firing rate drops below 0.1 when the population size is 6 cells. The SD of the population firing rate drops below 1 Hz when the population size is 25 cells, and asymptotes at approximately 0.5 Hz. In the limiting assumption that there is no correlation in the intertrial firing rate fluctuations for different cells, this analysis provides an estimate of how the variability of the population-averaged firing rate decreases with increasing population size.
DISCUSSION
In the present study we have shown that the cellular average frequency distributions are broad during both the baseline and delay periods of a working memory task. During the delay period of working memory tasks, cells with significant inhibitory or excitatory changes in average frequency (relative to baseline) are common, at least in parietal cortex. Although these delay-period changes can be large (Ͼ10 Hz), most are generally small (Ͻ5 Hz), especially in prefrontal cortex. Typically, large average frequency changes tend to be present only in cells with high baseline frequencies, although even then the percentage changes tend to be small. Cells were sorted into functional classes on the basis of task-related trends in their average frequency over the course of a trial. In prefrontal and in parietal cortex, we find substantial numbers of cells with firing rates that vary significantly over the course of the memory period. Indeed, in both prefrontal databases, cells with ramping behavior during the delay period were more common than cells with stable delay-activation or stable delay-inhibition. In parietal cortex, the delay-activated and delay-inhibited cells had significantly higher baseline firing rates than the delayneutral cells, suggesting that the networks of which these cells are part may already be active or primed before the memory period.
Analysis of the single-trial behavior reveals that most delay-period frequency changes are small (Ͻ5 Hz). In parietal cortex, large changes (Ͼ10 Hz), when present, occurred primarily in trials with high baseline frequency (Ͼ20 Hz). In prefrontal cortex, such large changes almost never occurred. High variability in the behavior of single cells is observed across trials. Individual cells can show completely different classes of behavior on different trials; thus, cells that are on average delay-activated can be delay-inhibited on specific trials (see Figs. 5c, 5d, 6d and 6e for examples). As the baseline and delay frequencies vary considerably across trials, there is often substantial overlap in the single-cell baseline and delay average-frequency distributions (across trials). However, it is worth noting that cells with high average frequencies tended to have less variability in their inter-trial behavior, even during the baseline; this raises the possibility that the cells with high frequencies are driving memory network activity. Another interesting finding is that cells that appear to have stable elevations in firing rate for the duration of the delay period (and are thus traditionally regarded as "canonical" memory cells) usually show substantial fluctuations in firing frequency over the course of single trials. Thus, "stable" persistent activity during working memory is often an artifact resulting from averaging away intra-trial variability across trials; at the single-trial level, "stable" persistent activity is the exception rather than the rule. Although single cell frequency was highly variable across trials, an output network could utilize population averaging to obtain a reliable estimate of the signal (if the variability in the behavior of different cells is not correlated across trials), as is indicated in Fig. 10 .
While the same general statistical features were observed in the cells of both parietal and prefrontal cortex, task-responsive cells are more prevalent and less variable in the parietal dataset. These results are highly intriguing, and suggest that the highly distributed prefrontal networks, with their rich connectivity, may not show the same degree of activation as hierarchically lower cortex. In contrast, the more specialized networks in parietal cortex may be highly attuned to the specifics of the haptic task, and are thus more activated, even during the working memory phase. However, definitive statements regarding the prevalence and reliability of memory-correlated cells from different regions in mnemonic performance would require collection of data from the same monkey performing the same task (see for example Chafee and Goldman-Rakic, 1998) . Furthermore, it is important to note that prevalence may not be indicative of importance. The prefrontal working memory cells, though sparse, might be driving activity in the parietal task-responsive cells in a causal manner. Alternatively, prefrontal working memory activity might be more robust to interference than the more prevalent activity in parietal cortex (Miller et al., 1996; Constantinidis and Steinmetz, 1996; Sakai et al., 2002) . Another non-exclusive possibility is that delay-period activity in parietal and prefrontal cortex may have different computational functions (Quintana and Fuster, 1999; Curtis, 2006) . Regardless, assessing the importance of different areas would require further experiments designed to explicitly address the question of causality, which cannot be answered by the types of experiments described in this paper. Nevertheless, the similarity in the statistical trends across area indicates that the observed statistical properties are a general function of memory networks across the cortex, regardless of the nature of the task or the modality of memoranda.
Cell activity during mnemonic performance
Traditionally, computational models of working memory have assumed the following characteristics: (a) low (Ͻ5 Hz) spontaneous firing rates; (b) large excitatory frequency changes from baseline to memory period (Ͼ10 Hz); (c) stable, highly structured network architectures, which would likely lead to reliable cell behavior on different trials; and (d) in some classes of models (i.e. models based on network bistability), stable, regular firing (interspike-interval CV Ͻ Ͻ1) in the activated population during memory (Amit and Brunel, 1997a,b; Camperi and Wang, 1998; Wang, 1999; Brunel, 2000b; Compte et al., 2000; Durstewitz et al., 2000; Brunel and Wang, 2001; Laing and Chow, 2001; Gutkin et al., 2001; Seamans et al., 2001; Tanaka, 2002; Tegnér et al., 2002; Camperi and Manias, 2003) . However, the experimentally observed data do not uniformly conform to those characteristics; only 2 cells, of the 961 examined, exhibit all of the properties (memorandum selectivity, low baseline frequency, large change in frequency from baseline to delay, reliable intertrial behavior, and stable, structured delay period firing) of the prototypical memory cell. While it is not clear how the relaxation of these assumptions would affect network function, an intriguing recent paper (Miller and Wang, 2006) suggests that different models might vary in their capacity to reproduce various aspects of the experimentally observed variability. For example, highly regular delay-period firing is a common property of models based on network bistability, but is not necessarily observed in other model classes. Thus, the incorporation of the experimental data might help determine which of the proposed mechanisms are actually viable for cortical working memory.
The mean baseline firing rates observed in this study are on the order of 13 Hz in the parietal database, 9 Hz in the CM prefrontal database and 4 Hz in the DMS/SDR database, indicating that the cells in these regions are active even during the baseline. There are two possible reasons that large numbers of cells have elevated baseline firing rates. The first is that the elevated activity during the baseline period reflects network priming, attentional processes or anticipation of the upcoming mnemonic cue. This is supported by the observation that cells with higher baseline firing rates tend to have both larger memoryrelated changes in frequency and more reliable (less variable) behavior across trials. Another possibility is that the cells examined in this study belong to networks that are involved not only in the retention of a particular stimulus, but also in other task-related cognitive functions.
A second point of concern is that the excitatory memory-related changes in frequency observed in our experimental population are relatively small. Our results suggest that the cortical network is populated by cells with relatively high baseline firing rates and small memory-related frequency changes, and thus relatively low signal-to-noise ratios. Indeed, the mean average frequency increases from baseline to delay in the delay-activated subpopulation is only 6.9 Hz in parietal cortex (47% of the baseline AF), 3.1 Hz in the CM prefrontal database (36%), and 1.8 Hz in the DMS/SDR prefrontal database (41%). Furthermore, there is substantial variability in single-cell firing rates, both within and across trials, in all three datasets. Indeed, only 29.6% of delay-activated cells in the parietal dataset, 11.6% of delay-activated cells in the CM prefrontal dataset, and 22.2% of delay-activated cells in the DSM/SDR prefrontal dataset had an I D less than 2.0. Taken together, these results suggest that the attainment of high signal-tonoise ratios is unnecessary in the broad, multifunctional cortical networks, and that mnemonic behavior can be achieved by networks interpreting and maintaining information in systems of noisy components with weak signals. Thus, our results suggest that mnemonic behavior can be achieved without a stable, reliable, large demarcation between "spontaneous" and memory-period activity, at least at the single-cell level.
Another notable feature of cortical networks studied in these experiments is the extent and magnitude of memoryrelated frequency decreases. Strong frequency inhibition can be assumed to be an important element in both prefrontal and parietal memory networks. One possible explanation is that the cortical networks examined in this study are engaged in a number of activities besides working memory, and that frequency inhibition of the subsets of the networks involved in those other activities is required for mnemonic performance. Another nonexclusive possibility is that frequency inhibition plays a prominent role in the storage or maintenance of mnemonic information in cortical working memory. It is worth noting that frequency inhibition plays an important role in most models of working memory; in this regard, our data are consistent with the computational literature. However, it is an open question whether the magnitude of inhibition observed in delayinhibited cells is close to the magnitude of excitation observed in delay-activated cells, as is observed in this study.
Dynamic, multifunctional cortical memory networks
The traditional focus on "memory cells" has led to the notion that the cortex contains specialized "memory networks," which are active primarily during the mnemonic retention of a specific stimulus (Goldman-Rakic, 1995; Amit, 1995; Compte et al., 2000; Miller and Cohen, 2001 ). However, the extensive connectivity of most cortical neurons enables them to simultaneously participate in several different networks and their activities (Moody et al., 1998; Moody and Wise, 2000) . Furthermore, since the cortex is constantly engaged in a dynamic stream of events, traditional concepts of specialized memory networks with low background firing rates and high persistent spatially localized activity states may be unrealistic. The representation of a particular stimulus with a single, stable network state may be both unfeasible and physiologically undesirable. Rather, the cortex may contain cell assemblies engaged in different processes utilizing information about the stimulus, and from which the cue can be dynamically reconstructed at a later time. In other words, the nature of the stimulus need not be stored in a static memory network state, but instead might be obtainable from a dynamic path of activity that the network can flow into when necessary (Rainer and Miller, 2002; Brody et al., 2003a,b; Romo and Salinas, 2003) . Along similar lines, other recent studies have suggested that the inherent transient dynamics of a highdimensional dynamical system, such as cortical neural circuits, may be sufficient in and of themselves to serve as a working memory storage device (Maas et al., 2002) .
The relatively high baseline firing rates suggest that the cortical networks in which memory cells are embedded are not inactive between trials, but rather engaged in processes on which cue-related memory activity will be superimposed. This inference is further strengthened by the large magnitude of the memory-period changes-both frequency increases and frequency decreases-in cells with elevated baseline frequencies, and the lower inter-trial variability in those same cells. In addition, because large segments of the cell population have frequency decreases while others have frequency increases, cortical networks appear to be involved in activities that require modulation of distinct subpopulations. Taken together, these results suggest that multiple populations already active during the inter-trial period are further differentially modulated during the memory period.
Further evidence that "memory cells" are embedded in networks involved in numerous activities can be found in the rich diversity of cell behaviors identified in our study. The "stable" delay-activated responses that traditionally define memory-cell behavior constitute less than 10% of the parietal responses, and less than 3% of the responses in either prefrontal dataset. However, a substantial portion of the cells in all three databases showed significant memory-period frequency changes; some of these cells exhibited a large post-stimulus increase in frequency that gradually decayed back toward baseline, while the firing frequency of others increased steadily throughout the memory period. Still others showed inhibition that either increased, stayed stable, or decayed gradually over the course of that period. The observation of neurons with time-varying trends in their firing rates conforms to the results of other studies (Erickson and Desimone, 1999; Quintana and Fuster, 1999; Romo et al., 1999 Romo et al., , 2002 Rainer and Miller, 2002; Brody et al., 2003a,b) . These different cell types may be involved in various functions besides the retention of the stimulus, such as attention, preparation for upcoming motor activity or task timing. Recent modeling efforts (Durstewitz, 2003; Mongillo et al., 2003; Miller et al., 2003; Reutimann et al., 2004; Durstewitz and Seamans, 2006) have begun to capture the mechanisms by which such time-varying behavior could be accomplished in working memory networks.
The finding that the firing frequency of memory cells fluctuates considerably over the course of a single trial supports the inference that memory networks are versatile, capable of multiple functions and dynamical organization. The network can "read out" the appropriate information although, at any moment, its "single unit information" is highly variable. This, in turn, suggests that the memory of the stimulus is not actively maintained in the stable state(s) of any particular cell population, but rather is encoded in a functional architecture from which it can be rapidly recon-structed. In other words, the single-cell data suggest that working memory is a dynamic function of the progression through network activity states, rather than a stable network state in and of itself (Abeles et al., 1995; Seidemann et al., 1996; Bodner et al., 1997; Maas et al., 2002) .
That cortical networks have a highly dynamic structure is further supported by the evidence that single cell intertrial variability in response to particular memoranda is high. In most cells, memory-period frequency can vary substantially across trials, even for the same memorandum, with the result that there is often substantial overlap (across trials) between the baseline and delay period frequencies. Furthermore, memory-related changes in frequency also vary substantially from trial to trial. Cells that, on average, show statistically significant delay-activated responses can show delay-inhibited responses on individual trials, and vice versa. Thus, neither the memory-period frequency nor the memory-related change in frequency is uniform across trials. These results suggest that cortical memory networks are highly flexible and dynamic, capable of maintaining the memory of the stimulus despite changes in their frequency state, functional architecture, and network activation path. However, we also find that in a number of cells, the variability of the delay period AF shows substantial correlations across trials, and a number of cells (at least in parietal cortex) also show significant linear trends (across trials) in the magnitude of the memory-associated frequency changes; these results suggest that the networks to which these cells belong are being modulated gradually across trials. One possible hypothesis for these linear variations across trials is that an external network that is responsible for another cognitive element involved in task performance, such as arousal or reward salience, varies over the course of the recording session, and modulates the activity of the working memory network. An alternative (although non-exclusive) hypothesis is that the synaptic matrix of the working memory network itself is being dynamically reconfigured as a result of the network activity during task performance. Further testing and analysis is required to discriminate between these possibilities.
CONCLUSIONS
In this study, we have characterized the frequency behavior of cortical cells in working memory tasks. The statistics and variability of cortical firing suggest that the mnemonic retention of stimuli is achieved by widely distributed, multifunctional cortical networks that vary substantially in both their composition and behavior across multiple trials; no reliable, distinct, memory-related bistable states could be clearly identified. These conclusions are based on the identification of cells with numerous different mnemonic frequency trends, the observation that many cortical cells have elevated baseline firing rates and relatively small changes in firing from baseline to the memory period, and the finding that the frequency behaviors of single cells vary substantially within and across trials. Future modeling efforts should be directed toward the identification of mechanisms by which working memory can be sustained in highly flexible, multifunctional dynamic networks composed of noisy units. All statistics described in this table are a result of analyses conducted as a function of memorandum. DA, delay-activated cells; DI, delay-inhibited cells; DA, CVAF, delay-activated cells, CVAF across trials; DI, CVAF, delay-inhibited cells, CVAF statistics; DA, I D , discriminability index in delay-activated cells; DI, I D , discriminability index in delay-inhibited cells; DA, VR, variance ratio in delay-activated cells; DI, VR, variance ratio in delay-inhibited cells; SDA, FF, stable delay-activated cells, fano factor of spike count (bin size 500 ms); SDI, FF, stable delay-inhibited cells, fano factor of spike count (bin size 500 ms); SDA, CV-ISI, stable delay-activated cells, CV of the ISIs; SDI, CV-ISI, stable delay-inhibited cells, CV of the ISIs. All statistics described in this table are a result of analyses conducted as a function of memorandum. DA, delay-activated cells; DI, delay-inhibited cells; DA, CVAF, delay-activated cells, CVAF across trials; DI, CVAF, delay-inhibited cells, CVAF statistics; DA, I D , discriminability index in delay-activated cells; DI, I D , discriminability index in delay-inhibited cells; DA, VR, variance ratio in delay-activated cells; DI, VR, variance ratio in delay-inhibited cells; SDA, FF, stable delay-activated cells, fano factor of spike count (bin size 500 ms); SDA, CV-ISI, stable delay-activated cells, CV of the ISIs; SDI, CV-ISI, stable delay-inhibited cells, CV of the ISIs. All statistics described in this table are a result of analyses conducted as a function of memorandum. DA, delay-activated cells; DI, delay-inhibited cells; DA, CVAF, delay-activated cells, CVAF across trials; DI, CVAF, delay-inhibited cells, CVAF statistics; DA, I D , discriminability index in delay-activated cells; DI, I D , discriminability index in delay-inhibited cells; DA, VR, variance ratio in delay-activated cells; DI, VR, variance ratio in delay-inhibited cells; SDA, FF, stable delay-activated cells, fano factor of spike count (bin size 500 ms); SDI, FF, stable delay-inhibited cells, fano factor of spike count (bin size 500 ms); SDA, CV-ISI, stable delay-activated cells, CV of the ISIs; SDI, CV-ISI, stable delay-inhibited cells, CV of the ISIs.
